Abstract-We have experimentally measured the energy stored and the heat generated in flashlamp-pumped Cr : Nd : GSGG for three Cr3+ concentrations in the range of 1-2 X 10'' ions/cm3. We find that the energy storage efficiency in these samples is 1.7 times greater than that of our Nd :YAG sample, and the normalized heating parameter x, defined as the heat deposited per unit of stored energy, is 2.5 under the specified pumping conditions, with no evident dependence on the Cr3+ concentration. We further find that the measured x value for our sample of Nd:YAG is 2.9 for the same pumping conditions. These observed x values exceed expected values by factors of -1.1 and 2 for the Cr : Nd : GSGG and Nd: YAG samples, respectively. We have also directly measured the thermal focal length in the two materials; the lensing is shorter in GSGG by a factor of 2.6 for the same available output power or a factor of 4.5 for the same input pump power. Finally, we have calculated the expected thermal lensing using our measured heat loads with no adjustable parameters, achieving satisfactory agreement with our measured lensing values.
I. INTRODUCTION HIS paper describes our research into the properties
T of Cr : Nd : GSGG, a material which has recently become the subject of intense interest because it offers a significant efficiency increase relative to Nd : YAG in advanced laser designs. Since the first experimental verification [l] , [2] of the potential benefits of this new material, many independent measurements [3] - [7] have been reported regarding the lasing performance of individual rods in various pump cavity configurations. However, in order for this or related materials to be fully understood and exploited in the design of high-averagepower solid-state lasers, a more detailed, systematic study is required to establish the simultaneous heat loading and energy storage efficiency factors. In a series of experiments, we have measured both of these interrelated parameters in Cr : Nd : GSGG laser rods with chromium concentrations in the range of 1-2 X lo2' ions/cm3 and a fixed Nd3+ concentration of 2 X lo2' ions/cm3. The findings are of significance for several reasons. First, they provide accurate quantitative pumping efficiency data that are essential when specifying an optimum Cr3+ concentration to resolve the pumping efficiency-gain uniformity tradeoff [8] which arises in practical laser designs. Second, an accurate measure of the heat load is required to Manuscript received October 14, 1987; revised February 3, 1988 . This work was supported by a contract from the Avionics Laboratory, AFWAL/ The authors are with the Optical Physics Department, Hughes Research Laboratories, Malibu, CA 90265.
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determine the appropriate cooling requirements for any specific average output power requirement. Previous reports [5] , [9] on thermal lensing disagree by nearly a factor of two. Third, any anomalous Cr3+ dependence in the pumping efficiency or heat load would indicate the presence of one or more mechanisms preventing complete energy transfer from the Cr3+ to the Nd3+. In this work, we have used small-signal gain measurements to determine the dependence of Cr : Nd : GSGG pumping efficiency on Cr3+ concentration, while an interferometric calorimeter was employed to determine the heat deposited. These two numbers yield the normalized heating parameter x, which is defined as the heat generated per unit of stored energy at 1.061 pm. This parameter is relatively independent of the pumping efficiency of the laser, but increases linearly with flashlamp pulse length [ 101 when it is longer than the fluorescence lifetime of Nd3+. We find that x in our GSGG samples is 5 2 . 5
for -250 p s long flashlamp pulses and that no Cr3+ dependence is evident. Hence, we conclude no Cr3+ concentration-dependent energy sinks exist within the concentration range studied. Using our sample of Nd: YAG in the same experimental apparatus yields a larger x of -2.9. These experimental values for x assume stimulated-emission cross sections [ l l ] of 3.1 x lopk9 cm2 and 6.5 X cm2 for GSGG and YAG, respectively. While the higher x for YAG may seem surprising in view of the enhanced short-wavelength pumping of GSGG relative to YAG, it is important to realize that the observed value of x for our Nd : YAG sample is considerably higher than the "intrinsic" value. By intrinsic value, we are referring to a calculated heat generation value based on the quantum defect or energy mismatch between absorbed pump photons and the emitted laser photon; this heating mechanism is inherent in all solid-state materials under flashlamppumped conditions. Apparently, additional mechanisms cause x for YAG to be higher than its intrinsic value, whereas they are less effective in GSGG. 
CALCULATIONS
The fundamental cause of heat generation in flashlamppumped solid-state lasers is the energy difference or quantum defect between the absorbed pump photon and the emitted laser photon. This intrinsic heat load can be calculated using the relevant spectroscopic parameters of the materials of interest. A variety of processes, such as impurity absorption or quenching, that can lead to additional heating have been studied [ 121, [ 131. These heat sources are difficult to predict and are most easily quantified by experimental measurements. A previous study [lo], which considered x for Nd: YAG and several Nd-doped phosphate glasses, found that the actual values were consistently larger than the intrinsic values and that there was considerable host dependence.
The present study considers Cr : Nd : GSGG in comparison to Nd: YAG. In addition, we wish to establish not only the magnitude of x for Cr : Nd : GSGG, but also to determine whether it depends on the Cr3+ concentration. In a pedagogical discussion of this potential concentration dependence, it is useful to establish an energy conservation equation for the laser medium. We begin by defining Eahs as the total energy absorbed by the laser crystal. Of the total energy absorbed by the two Cr3+ pump bands, a portion H, is converted to heat. The major portion of H, is generated as the Cr3+ relaxes to the 2E level, while the remaining contribution arises from the relaxation to the ground state following fluorescence. The 4T2 level is thermally populated from the ' E , and because of a favorable spectral match with the Nd3+ pump bands, as well as the fast transfer time compared to the Cr3' fluorescence lifetime, energy is efficiently coupled from the 4T2 level of Cr3+ to the Nd3+. Additional heat H,, generated directly by the Nd3+ ions arises, first, as the ions relax to the 4F3/2 upper laser level and, second, as the ions relax to the ground state following either radiative emission at 1.061 pm or quenching. The total heat H due to the optical pumping of Cr3+ and Nd3+ is defined as the sum of H, and H,,. The primary objective of the optical pumping, of course, is to store energy in the 4F3/2 level of the Nd3+. Of the total stored energy generated during the entire pump pulse, an amount E,, remains at the measurement time, and an amount En is lost to Nd3+ fluorescence. Using these definitions, we can write a schematic energy balance equation:
where all the parameters are implicitly time dependent and E' represents an unspecified energy sink (or heat source) that may or may not be Cr3' dependent.
For the laser rods used in this study, nearly all the available pump light is absorbed, even with the lowest Cr3+ concentration. Hence, changes in Eahs, H , and E,, with Cr3+ concentration will be quite small. However, by measuring both H and E,, to determine the normalized heating parameter x H / E , , , we achieve a high sensitivity to E' since if E' becomes appreciable as the concentration is increased, H and/or E,, must also change in order that (1) be satisfied. In other words, we are looking for changes in the way the total absorbed energy is distributed, rather than changes in its absolute magnitude. 
J where P, ( y , t ) and P N ( y , t ) express direct excitation of Cr3+ and Nd3+ ions, respectively, due to absorption of flashlamp photons and are given by
Equation (2) is a straightforward generalization of eq. (l), given in [ 161, to include long-pulse pumping of the Cr3+ ions by the flashlamp. The terms in the exponential describe, respectively, the deexcitation of the Cr3+ ions by fluorescence with a lifetime T~, dipole-dipole energy transfer processes characterized by the parameter y, and the migrationally limited energy relaxation rate W. In this case, we have assumed the fast energy transfer time ( -0.2 p s ) to be instantaneous compared to the dipoledipole and migrationally limited relaxation energy transfer times ( 2 10 p s ) and fluorescence decay ( -110 p s ) , so C( y, t ) describes only the Cr3+ ions which lose energy To obtain (3), we modified eq. (6) of [16] by adding the terms related to P, ( y , t ) and PN ( y , t ) . The first term on the right-hand side of (3) represents the exponential decay of the 4F3/2 state with a lifetime r. In GSGG, a nonexponential decay of the 4F3/2 state is not observed [ l l ] for Nd3+ concentrations of less than 7 X lo2' ions/cm3. The following term, in square brackets, accounts for both the fast and slow mechanisms of energy transfer from Cr3+ to Nd3+ ions. This term simply states that the rate at which Nd3+ ions are pumped by energy transfer from the Cr3+ ions is equal to the negative of the time derivative of the excited Cr3+ ions after the fluorescence loss and direct pumping factors are removed. In other words, each time the Cr3+ population changes by a process other than fluorescence loss or flashlamp pumping, a corresponding change in the Nd3+ population must occur.
In (4) and (5), the integrals over wavelength h extend throughout the 340-900 nm absorption bands of Cr3+ and Nd3+; I ( A, J ( t ) ) dX represents the light intensity emitted by the flashlamp into the wavelength interval between X and ( A + d X ) at time t with current density J ( t ) , and K ( X, t ) represents the way that the reflectors in the laser slowly.
head modify the flashlamp spectrum [14] . We also accounted for the UV cutoff (340-400 nm) by the ceriumdoped quartz flashlamp envelope, although no attempt was made to include the small cerium fluorescence in the visible. vN( A) and v,( A) are the quantum yields of Nd3+ and Cr3+, respectively. qN ( X) is the probability that the absorption of a pump photon produces a Nd3+ ion in the 4F3/2 state. Similarly, q,(X) is the probability that the absorption of a pump photon produces a Cr3+ ion in the *E or 4T2 state. For generality, we have written the quantum yields as functions of wavelength. Although there is no reported direct measure for GSGG, it is generally agreed that q N ( h) is independent of wavelength and is equal to unity (the value used in our analysis). In an earlier paper [ lo], we incorrectly assumed qN ( X) for Nd3+ ions to be the same as the quantum efficiency qQ, which is the ratio of the decay rate constant 7 i 1 attributable solely to fluorescence to the total decay rate constant r-' of the 4F3/2 state. In our Cr: Nd: GSGG samples, r = 230 ps, and from [ l l ] , rR = 280 ps at room temperature. We have also assumed v,( A) to be unity and independent of wavelength.
The energy storage density E,( y , t ) can be determined from small-signal measurements; it represents the stored energy per unit volume which is available as photons at the output wavelength and is related to N ( y , t ) by where h is Planck's constant, c is the speed of light, and Xo = 1.061 pm is the lasing wavelength.
The second step in the calculation involves the heat generated per unit volume, H ( y, t ) :
In this equation, the function qN ( y , t ) represents the rate of heat generation during direct flashlamp pumping of the Nd3+ ions due to the nonzero quantum defect between the absorbed photon energy and the energy hc/XI of the 4F3/2 state; XI = 880 nm for GSGG. Similarly, the function qc ( y , t ) accounts for the quantum defect in Cr3+. The function Hf( y , t ) is the heat generated due to fluorescence or quenching of Nd3+ ions in the 4F3/2 state. These three functions will now be defined in terms of other parameters.
( 8 )
The term involving r / r R accounts for the fraction of the energy stored in the 4F3/2 state that is converted to heat as a result of radiative decay to the 4 Z l l / 2 , 41~3/2, and 4 Z~5 / 2 states of the Nd3+ in GSGG. Here r can be expressed as r = (hC/AO)-I(EII/2BII/2 + E 1 3 / 2 B 1 3 / 2 + E15/2B15/2) ( 9 ) with E; and Bi being the energy and fluorescence branching ratios, respectively, of these states. The second term in the brackets represents the heat generation as a result of nonradiative quenching of the 4F3/2 state. Finally,
Since we have assumed the quantum yields of Nd3+ and Cr3+ to be unity, we havefi = f3 = 0. The parametersf4 and fs represent the two implicitly time-dependent pathways to consider when determining the energy defect due to the pumping of Cr3+: 1) relaxation to the 2E followed by energy transfer, with a probability q r , to the Nd3+, which subsequently ends up at the 4F3/2 state, and 2) relaxation to the 2E followed by Cr3+ fluorescence at a wavelength A,with a probability given by ( 1 -q t ) . Here, qt is the quantum transfer efficiency of Cr3+ in GSGG, which is defined as Equation ( 1 3) neglects the fact that the energy transfer and fluorescence do not occur simultaneously with the absorption of pump photons by Cr3+ ions. However, this effect is not important since only the time-integrated heat rate in (7) ions/cm3; hence, qt = 0.85. We have assumed 7, = 112 ps, the same as in Cr : GSGG [ 111.
In this model, we have neglected the reabsorption of the fluorescence light emitted by Cr3+ at wavelengths that may overlap with any Nd3+ absorption bands. Since about 15 percent of the excited Cr3+ ions fluoresce and only a IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 24, NO. 6. JUNE 1988 fraction of this emission band overlaps with the Nd3+ absorption bands, the correction to H and E,, due to this process would be 5 5 percent, and even less for x. Here we would like to point out that other simplifying approximations [lo] , [14] -[I51 involving the model for the lamp emission spectrum and the head factor K ( A, t ) (which we have assumed to be unity) introduce a 5-10 percent uncertainity in the results. In our calculations, we have used a lamp current pulse shape approximated by a half sinewave function of 325 ps full width at the base line, and a peak lamp current density of 3.9 kA/cm2. These values closely approximate our typical experimental conditions. The Nd3+ absorption cross-section data, energy levels, and branching ratios for GSGG were garnered from [ 1 I], as were the Cr3+ absorption spectra.
In calculating x for Nd : YAG, (3) and (8) 
where the quantum efficiency is defined by
The terms in the exponential of (18a) describe, respectively, the deexcitation of the Nd3+ ions due to fluorescence with radiative lifetime T R and the nonradiative quenching whose functional form [19] is given in (18b). The first term in square brackets in (19) accounts for heat due to energy relaxation following fluorescence, and the second term represents the heat generation as a result of nonradiative quenching of the 4F3/2 state.
The main uncertainty in the calculated value of x for YAG arises from the uncertainty in the value of T~. Krupke [20] qQ and would underestimate x. Because of this inconsistency, we have used qQ = 0.75 in (19). The Nd: YAG absorption spectrum was kindly provided by Shinn of Lawrence Livermore National Laboratory, while branching ratios and energy levels was obtained from [2 11 .
We note that the nonexponentiality of the 4F3/2 state has only a slight effect on x. Assuming a pure exponential decay behavior, (3) and (8) can be employed to calculate x for Nd : YAG, provided one sets / 3, ( A ) = 0 and uses the appropriate P N ( A). Using 7 = q Q 7 R in (3) with re = 0.75, the resultant x deviates by < 10 percent as compared to the correctly calculated value.
The intrinsic x values were found by taking the ratio of H ( y, r = 0 0 ) to the value of E,( y , t ) at the moment it reached its maximum value. There are two reasons for evaluating H and E , at different elapsed times. First, this selection of times corresponds to the experiments (described below) in which the heat generation was determined as of -400 ms and the stored energy was determined at its maximum value. Second, this selection is the most practical since what is required in designing a laser is the knowledge of the total heat deposited during the entire pump pulse and the maximum value of the stored energy. The calculated values of x are weakly dependent on the depth into the material, as shown in Fig. 1 . This depth dependence arises from the details of the pump band structure. For direct pumping of the Nd3+, the strongest pump bands are very close to the upper laser level; hence, near the surface where those pump bands dominate, relatively low x values arise. Deeper into the material, however, increasingly more pumping arises from the weaker short-wavelength pump bands, which leads to higher x values. For Cr3+-sensitized pumping, the trend is reversed since the stronger pumping occurs at the shorterwavelength bands of Cr3+. In our experiments, we determine a value of x averaged over the cross section of the 4.3 mm diameter rod. However, as is shown in Fig. 1 x are insensitive to the uncertainties in many of the input parameters of the model: x varies less than 5 percent as we separately vary the Cr3+ concentration (1-2 X lo2' ~m -~) , pulse length (295-325 ps at the base), peak flashlamp current (3-3.9 kA/cm2), and the Cr3+-to-Nd3+ energy transfer parameters a (0.1-0.2), y (200-260 s -"~) , and W (0-4.4 X lo3 s-'). Moreover, as a check on the sensitivity of the calculations to the Nd3+ pump band linewidths, we artificially broadened the absorption spectra so that it resembled those of Nd3+ doped in phosphate glass and found the calculated x to vary by 5 5 percent.
EXPERIMENTAL RESULTS
The determination of x requires the measurement of two parameters: the maximum upper-laser-level stored energy and the heat deposited in the laser medium as a consequence of the optical pumping process. In the present study, the stored energy was calculated from small-signal gain measurements, while an interferometric calorimeter was used to determine the heat deposition by measuring the thermally induced optical path length changes of the laser rod under test. We studied three different co-doped GSGG laser rods having Cr3+ concentrations of 1 .O, 1.5, and 2.0 X lo2' ions/cm3 and a Nd3+ concentration of 2 x lo2' ions/cm3. The Cr3+ concentrations fall into the range that might be appropriate for typical laser hardware with active media having transverse dimensions of -1 / 2 to 1 cm. The Nd3+ concentration was selected to be near the onset of concentration quenching [ 111. The GSGG crystals were grown by the Airtron Division of Litton Industries, and all concentrations were verified by spectroscopic analysis at Lawrence Livermore National Laboratory. The Nd : YAG rod, also employed in an earlier study [lo] , was grown by Airtron in 1983. This rod was extracted from the top of the boule, and the nominal Nd3+ concentration was 1.1 atomic percent (1.5 x iozo ions/cm3), which is standard in the industry. Because concentration self-quenching in Nd : YAG would increase x, we concluded that at least an approximate verification of the concentration was appropriate. To this end, we measured the 1.06 pm fluorescence decay at one end of the rod, following excitation with a Q-switched 532 nm pulse. Pumping occurred a few millimeters from the rod face, perpendicular to the rod axis, and we monitored the fluorescence emitted through the face. This measurement technique avoids spurious decay rate results, which could arise from effects such as radiation trapping. results for the variation of fluorescence lifetime with concentration, we estimate a concentration variation of S 10 percent throughout the length of their rod. We assume the same upper limit to the concentration variation would also apply to our rod sample. Our GSGG samples were nominally 4.6 cm long, and the YAG sample was 4.4 cm long; all the rods were 0.43 cm in diameter with fine-ground barrels. The GSGG rod faces were cut and polished at 2" off normal to the rod axis, while the YAG rod faces were normal to the axis.
In order that meaningful comparisons could be made, we used the same flashlamp and pump cavity for all samples. The rod was pumped by a 0.3 cm bore, 3 cm arc length, and 450 torr xenon flashlamp. The cavity walls were coated with electrodeposited gold, and parts of the surface were covered with packed barium sulfate powder. The cerium-doped quartz flashlamp envelope ( 1 mm wall) minimized the UV emission below 400 nm. A 0.7 mm thick samarium-doped glass tube around the rod further filtered out the UV. Water could be passed between the rod and glass tube to cool the rod; the water also filtered out IR wavelengths longer than @switched Cr : Nd : GSGG and Nd : YAG lasers were employed as probes to measure the small-signal gain of the Cr : Nd : GSGG and Nd : YAG samples, respectively. Probe pulses were adjusted for temporal overlap with the occurrence of maximum gain in the test rod. The probe fluence, even following amplification, was always less than 1 percent of the saturation fluence, thereby guaranteeing operation in the small-signal regime. By simultaneously measuring the transmitted probe pulse through the rod along with a 4 percent sample of the incident pulse, the shot-to-shot energy fluctuations were normalized out. Any passive insertion losses were also taken into account in these measurements by calculating the ratio of the normalized amplifier-active and amplifier-passive pulse energies. Thus, we accurately obtained the small-signal gain G. The energy stored in the rod E,, is obtained from G using the relation
where hu is the photon energy, U is the stimulated-emission cross section of the particular sample, A is the rod cross-sectional area, I is the length of the rod, and N ( z ) is the inversion density at the position z along the rod Table I presents the measured values of the energy storage efficiency qSt, which we define as the ratio of laser photon energy stored in the rod E,, to the electrical energy stored in the PFN. For each rod sample, qs, was calculated from a graph of In G versus pump energy in the linear region ( G < 4 ) well below the ASE-limited gain saturation regime (G,,,,, -20) . We observed that the Cr : Nd : GSGG is approximately 1.7 times more efficient than Nd : YAG. Notice that, within the experimental error, the measurements indicate virtually no dependence on the Cr3+ concentration. This behavior is due to "pump light saturation"; even for the lowest Cr3+ concentration studied, the pump light absorption coefficient is high enough that essentially all of the available light is absorbed, so doubling the Cr3+ concentration cannot increase the pumping efficiency.
The heat deposited in the test rod during flashlamp pumping was deduced from the observed temperature rise of the uncooled rod following the flashlamp pulse. The rod temperature change was obtained by measuring the shift of the interference fringes of a Michelson interferometer with the test rod in one of the two legs. One advantage of this method is that unavoidable pumping nonuniformities that arise along the length of the rod due to the finite lengths of the flashlamp and rod are averaged out in the same way as the small-signal gain measurement averages out longitudinal stored energy nonuniformities.
Thus, the experimental value of x is not affected by pumping nonuniformities along the length of the rod. During all these flashlamp-induced temperature changes, the test rod barrel was in contact with a bath of static water. Fig. 2 shows a schematic of the experimental apparatus used to quantify the fringe shifts. A HeNe probe laser is used to illuminate the Michelson interferometer, which contains the test rod in one of the legs. HeNe wavelengths of 543 and 633 nm were used for Cr:Nd:GSGG and Nd : YAG, respectively. The fringe pattern is directed into a TV camera and a video recording system to allow fringe shifts to be stored for later quantification. The use of the video system provides a temporal resolution of 1/30 s. Because the rod is not actively cooled during the heat denand 6.5 X osition measurements, the initial fringes are straight and stable, as indicated in Fig. 3(a) . Immediately after the flashlamp is pulsed, the fringes become curved and displaced [see Fig. 3(b) ]. The fringe curvature, which arises because slightly more energy is deposited at the rod periphery than along the axis, decays away in < 0.4 s as the rod temperature distribution equalizes. The final fringes are again straight, but displaced relative to their initial positions [see Fig. 3(c) ]. The fringe displacement, which is then stable for a period of -1 s, is readily quantified by comparing the video frames of Fig. 3(a) and (c). The experimental procedure involves determining the number of fringe shifts as a function of the flashlamp input energy. The measured values are 0.17 and 0.058 fringes per joule of lamp energy for GSGG and YAG, respectively. The experimental uncertainties are k 4 percent. Having determined the input energy that produces a single fringe shift, we next calculate the corresponding thermal energy H using the equation where p is the density of the laser rod, C, is its heat capacity, and V is the volume. The fringe temperature coefficient A TF is the temperature change that causes the fringes to shift one period. For the Michelson interferometer, we have where X is the appropriate HeNe wavelength, I js the length of the laser rod, n is the refractive index, d n / d T is the change in n with temperature, and a is the thermal expansion coefficient. (23) is not available in the existing database on Cr : Nd : GSGG at 543 nm, although d n / d T at 1.06 pm has recently been reported [23] . Thus, we performed the following experiment to measure AT,. With the flashlamp turned off, we slowly increased the temperature of the water flowing around the rod using a heater immersed in the water reservoir. A thermocouple measured the water temperature near the rod. The heating rate was kept small ( -0.7 K/min) in order that the rod temperature would always be uniform (the thermal time constant for this rod is (0.3 s ) . Typically, we observed the temperature change corresponding to 30 fringe periods in the temperature region centered near 30°C. Then, the heater was turned off, the rod began to cool, and the fringes shifted the opposite way, corresponding to 30 fringe periods. The heating and cooling numbers agreed within a few percent. The average value was (0.276 + 2 percent) K/fringe for a probe wavelength of 543 nm. Based on these ATF results, we have Cr , q~ calculated a d n / d T of ( 14 * 0.6) X K-I at 543 nm using (23) with literature values of n = 1.982 and CY = 7.5 x K-' (see Table 11 ). This is in reasonable qualitative agreement with [23], given the known dispersion for Cr : Nd : GSGG.
This immersion heater technique for measuring the fringe temperature coefficient was confirmed by using Nd : YAG with the same 543 nm probe laser. In this case, two interferometers were used: the Michelson and the Fizeau formed by the parallel end faces of the Nd : YAG rod itself (the latter approach was the one used in [lo] ). These complementary interferometric measurements allow the determination of not only A TF, but also the individual pa- The values of x determined from our experiments are presented in Table I ; the relevant material parameters used in the data reduction are summarized in Table 11 . First, we note that x is independent of Cr3+ concentration (within experimental uncertainties). We conclude, following the reasoning outlined in Section 11, that there are no concentration-dependent energy sinks for Cr3+ concentrations in the range studied. This conclusion is consistent with the suggestion in [3], which was based on Cr3+ fluorescence lifetime measurements. The second important aspect of our results is that our samples of GSGG have a lower x than our sample of YAG under similar pumping conditions. The final experiments performed were aimed at actually measuring the thermal lensing of the GSGG and YAG rods. These measurements were motivated by two factors. First, they offer us the opportunity to check the overall consistency of our heating measurements by comparing measured and calculated values of the thermal lensing. Second, the lensing measurements will help eliminate uncertainties raised by the fact that previous estimates [ 5 ] , [9] differ by nearly a factor of two. Our measurements were made by determining the effect of the thermal lens on a collimated HeNe beam using the experimental arrangement shown schematically in Fig. 4 . The output of a 543 nm HeNe laser is directed through a pair of lenses having focal lengths offi = -40 mm andfi = +250 mm, thereby expanding the beam size by a factor of m = 6.25. Upon passing through the test rod, which is mounted in a pump cavity, the collimated beam is focused by a lens of focal length f3 = 100 cm onto a screen placed in the focal plane. With the test rod passive, the spacing between lensesfl andf2 is adjusted to produce a minimum spot size on the screen, thereby ensuring a collimated beam. Any static spherical lensing in the test rod is compensated out in this manner. When the test rod is pumped (at 20 Hz) and water-cooled to produce a positive thermal lens, the size of the focused spot on the screen increases. The negative lens is then translated by a distance 6 that collimates the beam, as determined by once again minimizing the spot size on the screen. Using this experimental approach with the indicated focal lengths, the displacement 6 varies up to several centimeters, and it can be repeatably determined to an accuracy of -1 mm. The thermal focal length fT can be related to the parameter 6 using simple ray tracing; the appropriate relationship is where a positive value corresponds to a greater distance between lenses, m is the magnification of the telescope, and L = 9 cm is the distance between the telescope output lens and the test rod. Referring to this relationship, we see that in addition to allowing long focal lengths to be conveniently measured on a standard laboratory bench, the accuracy is quite good, limited primarily by the < 10 percent accuracy in determining 6 . The. expected thermal focal lengths can be calculated using the formula where K is the thermal conductivity, A is the rod crosssectional area, Pa is the total power absorbed as heat in the rod, n is the refractive index, LY is the thermal expansion coefficient, Cr,@ are the photoelastic coefficients for radially and tangentially polarized light, respectively, r is the rod radius, and I is the rod length. The parameter values used in these calculations are listed in Table 11 . The heat absorbed is determined from our interferometric measurements described above. Our findings, summarized in Table 111 , are that the thermal lensing of Cr : Nd : GSGG is approximately 2.6 times worse than that of Nd : YAG for the same available output power and -4.5 times worse for the same input pump power. These results are valid at the 543 nm probe wavelength for 0.43 cm diameter rods. The ratio for alternative geometries and wavelengths will differ slightly. The measured and calculated values agree to within -15 or -35 percent, depending on which values of thermal conductivity are used in the calculation. Given the large uncertainties in the literature concerning the many relevant thermooptic coefficients, this agreement is quite satisfactory.
IV. CONCLUSION
Within the experimental error, our results indicate little or no change in the normalized heating parameter x for Cr : Nd : GSGG as a function of the Cr3+ concentration in the range of 1-2 x lo2' ions/cm3. We conclude that concentration-dependent energy sinks and heat sources for Cr3+ have a minimal effect, if any, in these samples, and in fact, their existence appears unlikely for the concentration range studied.
The second aspect of our results is that x for our GSGG samples is less than for our YAG sample under similar operating conditions. This may be surprising in view of the fact that the enhanced short-wavelength pumping due to the Cr3+ pump bands increases the average quantum defect; this factor would tend to increase x in GSGG relative to YAG, as the calculated intrinsic values show. However, it is important to realize that the observed value of x for our YAG rod is twice the intrinsic value estimated in Section 11. For GSGG, on the other hand, the observed x is very close to the intrinsic value. Therefore, it is appropriate to consider what factors might lead to a high measured value of x for YAG. One possibility is the to a worst case qQ value of 0.75. Hence, we cannot justify an qQ less than the value 0.75 used in our calculations.
Perhaps another possible explanation for our measured x value is transient color-center generation, which has been reported [31] in Nd : YAG during xenon flashlamp pumping (no UV blockage of lamp radiation). Those color-center absorption bands, which peak at 525 nm, would be expected to increase x. In that study [31] , however, the transient color-center formation was considerably reduced when the excitation radiation was filtered with a glass plate. Thus, we do not expect transient color-center absorption to be a contributing factor to our measured x value since our cerium-doped lamp envelope and Sm : glass flowtube substantially attenuate the UV portion of the flashlamp radiation. Hence, additional heating mechanisms must be active in our YAG sample. Examples may include effects such as dark Nd3+ ions [12] or impurities [ 131.
Considering the importance of Nd : YAG and the possible variations among Nd : YAG boules, it would be desirable to repeat these x measurements for a wide variety of samples in order to determine and, it is hoped, remove the additional heating source(s) and energy sink(s). Similar trends were reported previously for the measured and calculated values of x in various Nd : glass materials [ 101.
Finally, our results indicate that the thermal lensing in our GSGG samples is 2.6 times stronger than in our YAG sample for the same available output power, and our measured and calculated values agree within 15 percent.
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